Most birds sit on their eggs during incubation, a behaviour that likely evolved among non-avian dinosaurs. Several 'brooding' specimens of smaller species of oviraptorosaurs and troodontids reveal these non-avian theropods sat on their eggs, although little is known of incubation behaviour in larger theropod species. Here we examine egg clutches over a large body size range of oviraptorosaurs in order to understand the potential effect of body size on incubation behaviour. Eggshell porosity indicates that the eggs of all oviraptorosaurs were exposed in the nest, similar to brooding birds. Although all oviraptorosaur clutches consist of radially arranged eggs in a ring configuration, clutch morphology varies in that the central opening is small or absent in the smallest species, becomes significantly larger in larger species, and occupies most of the nest area in giant species. Our results suggest that the smallest oviraptorosaurs probably sat directly on the eggs, whereas with increasing body size more weight was likely carried by the central opening, reducing or eliminating the load on the eggs and still potentially allowing for some contact during incubation in giant species. This adaptation, not seen in birds, appears to remove the body size constraints of incubation behaviour in giant oviraptorosaurs.
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Background
Egg incubation in nearly all extant birds involves an adult sitting on the eggs, a behaviour that likely first evolved among non-avian theropod dinosaurs [1, 2] . The largest birds have a relatively small body mass (reaching 450 kg in the recently extinct elephant bird [3] ) compared to non-avian theropods (up to 7000 kg [4] ), potentially because the weight borne by the eggs while brooding constrains maximum adult body size [5] . Among non-avian theropods, species of oviraptorosaurs and troodontids within the size range of birds have been found in avian brood-like positions atop of their egg clutches [1, 2, [6] [7] [8] ; the best-preserved specimen (Citipati: IGM 100/979) shows the adult partly in contact or nearly in contact with the clutch [7] . Also, consistent with these specimens is evidence that the eggs were laid exposed (at least partially) in open nests similar to brooding birds (e.g. low eggshell porosity [9, 10] , egg coloration [10] and taphonomic indicators [2, 6] ).
Unlike small maniraptoran theropods, little is known about incubation behaviours in large theropod species due to a scarcity of specimens; however, their high body mass may have precluded them from sitting atop their eggs. Recently, & 2018 The Author(s) Published by the Royal Society. All rights reserved.
large egg clutches (Macroelongatoolithus) have been ascribed definitively to oviraptorosaur species of high body mass (greater than 1000 kg) [11] , but differences in clutch configuration suggest these animals had different nesting styles relative to smaller species. In this study, we examine oviraptorosaur eggs and clutches from species representing a large range of body sizes (approx. 1560 kg) in order to infer the effect of increasing body size on their incubation behaviours.
Material and methods
Eggs and clutches assignable to the oofamily Elongatoolithidae [12, 13] were studied (see electronic supplementary material) because they have been definitively ascribed to oviraptorosaurs based on numerous previous discoveries (e.g. [1, [6] [7] [8] 11] ). Here, eggs less than 170 mm in length were assigned to the oogenus Elongatoolithus, 170-240 mm to Macroolithus and 240 mm to Macroelongatoolithus [14, 15] . Measurements of inner and outer Henan Geological Museum 41HV003-16 rsbl.royalsocietypublishing.org Biol. Lett. 14: 20180135 clutch diameters (figure 1a: n ¼ 40), square value of eggshell thickness as a proxy for eggshell strength at the yield point ( [16, 17] : n ¼ 41) and estimates of eggshell porosity (n ¼ 10) were regressed against estimates of egg mass, using ordinary leastsquares regressions. Formulae established in the literature were used to calculate egg mass/volume [18] and clutch volume [19] . Adult body mass was predicted from a phylogenetically generalized least-squares regression of clutch volume against adult body mass for living species of precocial birds and crocodylians [19, 20] , using the dataset and phylogenetic tree of [20] . Following the methodology of [9] , eggshell porosity was estimated from eggshell thickness and pore area to predict nest types (i.e. covered or open nests) using linear discriminant analysis. All statistical analyses were implemented with IBM SPSS Statistics v. 25 (IBM SPSS Inc.) for non-phylogenetic approaches and with software platform R3.1.3 (http://www.r-project.org/) for phylogenetic approaches using 'corBrownian' and 'gls()' functions and additional packages (e.g. 'ape', 'nlme'). All values were log-transformed prior to analyses.
Results
Oviraptorosaur eggs are elongated and highly variable in size, ranging from 197 to 6594 g ( Adult body mass predicted from clutch volume ranges from 41 to 1563 kg, which is comparable to body mass estimates based on skeletal remains of small (e.g. Nomingia: 37 kg) to large known species of oviraptorosaurs (Gigantoraptor: 1400-2092 kg) [4, 21, 22] .
Outer and inner clutch diameters are highly variable among oviraptorosaurs (table 1) The square of eggshell thickness is significantly correlated to egg mass (r ¼ 0.83, p , 0.01: figure 1f ) with a slope of 0.78, indicating that larger eggs tend to have relatively thinner eggshell and thus were probably structurally weaker than smaller eggs.
The eggshell of all examined oviraptorosaur eggs has low porosity values comparable to those of extant brooding birds (figure 1g), which are only 6-69% of porosity values for living covered nesters (i.e. crocodylians and megapode birds; calculation based on the regression of living covered nesters [9] ). Linear discriminant analysis classified all oviraptorosaur egg taxa into open nesters with high posterior probabilities (greater than 0.64), except for one, Elongatoolithus elongatus.
Discussion
Our study demonstrates that characteristics of oviraptorosaur eggs and clutches provide new insight into incubation methods for a large range of non-avian theropod body sizes. Although taphonomic evidence reveals that sediment was built up partially around the eggs to support their inclined orientation in the clutch [6, 10] , a relatively low eggshell porosity indicates (8) rsbl.royalsocietypublishing.org Biol. Lett. 14: 20180135 oviraptorosaur eggs were exposed in the nest [9, 10] . Exposure of eggs in the nest is always associated with brooding in living birds where an adult sits on the eggs for incubation [23] . Among brooding birds, the eggs are strong enough relative to the body mass of the incubator to allow the animal to sit entirely or partly on the clutch [5, 17] . Oviraptorosaurs appear to have adapted to sitting on their nests by somewhat modifying the clutch configuration as species increased in body size, probably because egg mass becomes relatively smaller and eggshell thickness (relative to egg mass) becomes relatively thinner, resulting in a structurally weaker egg (also the case in birds [16, 17] ). Among the smallest oviraptorosaur clutches, where little (less than 10 cm in diameter) or no central opening is found, the clutch of greater than 30 eggs was presumably strong enough to bear the weight of the adult (figure 2). As the clutch diameter and body size increased among species, the central opening in the clutch (as seen in the 'brooding' Citipati specimen [1, 7] ) became larger and would have likely carried at least some of the adult's weight, thus reducing the load on the eggs. In the largest oviraptorosaur clutches (Macroelongatoolithus), the central opening represents most of the total clutch area, likely allowing giant-sized species to rest most or all of their weight on this area so as not to crush the eggs (figure 2). Whereas birds may have had constraints on body size owing to their clutch configuration and incubation style [5] , the presence of a central opening in the oviraptorosaur clutch and its increasing proportion of total nest diameter with increasing body size appears to be a unique adaptation of oviraptorosaurs among dinosaurs (including birds) for egg incubation. This adaptation may have allowed for an adult to sit on the nest and potentially even allow some contact with the eggs in the largest oviraptorosaurs. As in brooding birds, this behaviour may have been related to protection, shelter or thermoregulation of the eggs in oviraptorosaurs. If related to heat transfer, this brooding behaviour may have been less effective in large species because there may have been less contact with the eggs due to the modified configuration of their clutches.
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